Abstract. The p53 family protein p73 plays an important role in apoptosis induced by chemotherapeutic drugs. Transcriptionally active (TA) p73 (TAp73) substitutes for p53 in the response to stress. XIAP associated factor 1 (XAF1) is a novel predictive and prognostic factor in patients with bladder cancer, but the association between TAp73 and XAF1 expression in bladder cancer cells is poorly understood. Here, we investigated the status of TAp73 and XAF1 in T24 bladder cancer cells to identify molecular mechanisms in casticin-exposed T24 cells. Casticin induced activation of JNK/p38 MAPK that preceded activation of the caspase cascade and disruption of the mitochondria membrane potential (∆ψ m ). Expression of XAF1 and TAp73 was also upregulated in casticin-treated T24 cells. Casticin treatment of T24 cells induced receptor-interacting protein (RIP) kinase expression and increased intracellular production of reactive oxygen species (ROS). Casticin-mediated ROS induced an increase in phosphorylated JNK/p38 MAPK, resulting in progressive upregulation of TAp73, which in turn led to XAF1 expression. Our data suggest that the apoptotic activity of casticin in T24 cells is mediated by activation of the TAp73-XAF1 signaling pathway through RIP kinase-mediated ROS production.
Introduction
Casticin prepared from the fruit of Vitex trifolia L. has a wide range of activities, including antitumor effects in a variety of cancers such as leukemia and uterine cervix, lung, and colon cancers (1) (2) (3) . Casticin induces G2/M growth arrest and apoptosis in breast cancer cells regardless of p53 expression, and Bcl-2 depletion is a key event in casticin-induced apoptosis (4) . Casticin also triggers tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)-induced apoptosis in human colon cancer cells through downregulation of Bcl-2 and X-linked inhibitor of apoptosis protein (XIAP) (3) . Although wild-type p53 mediates increased sensitivity to radiation or chemotherapeutic agents (5) , casticin induces apoptosis in human cervical cancer HeLa cells lacking wildtype p53 expression (6) . Therefore, understanding the role of p53 or related proteins in casticin-treated human cancer cells is important for elucidation of the signaling pathway leading to apoptosis.
The p53 family proteins, p53, p63, and p73, play important roles in development and tumorigenesis (7) . The transcriptionally active (TA) isoforms of p63 and p73 can substitute for p53 in the context of inducing apoptosis or cell cycle arrest (8, 9) . p73 is expressed as two major isoform classes, TAp73 and ∆Np73 (N-terminal deleted form), which have distinct functions (10) . Following induction of DNA damage by genotoxic drugs, TAp73 can bind to the same set of p53-responsive elements and activate downstream target genes of p53 to provoke the cell cycle arrest or induce apoptosis (11) . The expression of XIAP-associated factor 1 (XAF1), as a novel target of p53, increases the activity of p53-dependent apoptosis (12) . XAF1 as a tumor suppressor is also markedly reduced in muscleinvasive bladder tumors (13, 14) . However, the relationship between XAF1 and TAp73 and the detailed mechanisms of XAF1 induction in bladder cancer are still not fully elucidated.
Intracellular production of reactive oxygen species (ROS) triggers apoptosis of EBV-infected human B cells through disruption of the mitochondria membrane potential resulting from upregulation of TAp73 and XAF1 (15) . Casticin also induces apoptosis of cancer cells through the generation of ROS and activation of caspase-9 (6). Receptor-interacting protein (RIP) kinase family members have emerged as essential sensors of intracellular and extracellular stresses (16) , and the interaction of phosphorylated RIP1 and RIP3 generates downstream ROS production to induce cell death (17) . In this study, we examined the role and mechanism of ROS production in casticin-treated bladder cancer cells and investigated whether ROS-mediated TAp73 expression regulates the expression of XAF1 in bladder cancer after treatment with casticin. (20 nM) , incubated at 37˚C for 15 min in the dark, and immediately analyzed with a flow cytometer using the FL-1 filter. Intracellular accumulation of ROS was monitored by flow cytometry after staining with the fluorescent probe DCFH-DA (10 µM, 2' ,7'-dichlorodihydro-fluorescein diacetate; Molecular Probes) as previously described (15) with slight modification. DCFH-DA is deacetylated in cells by esterases to yield a nonfluorescent compound, DCFH, which remains trapped within the cell and is cleaved and oxidized by ROS in the presence of endogenous peroxidase to yield a highly fluorescent compound, DCF (2' ,7'-dichlorofluorescein). Cells were preincubated with 10 µM DCFH-DA for 30 min at 37˚C and then seeded in 6-well plates (5x10 5 cells/ml) and treated with or without casticin for 24 h. Cells were washed, resuspended in PBS, and ROS levels were determined using a FACSCalibur flow cytometer.
RIP kinase-mediated ROS production triggers
Western blot analysis. Cells were washed in PBS and lysed in NP-40 buffer (Elpis Biotech, Daejeon, Korea) supplemented with a protease inhibitor cocktail (Sigma-Aldrich). To address phosphorylation events, an additional set of phosphatase inhibitors (Cocktail II, Sigma-Aldrich) was added to the NP-40 buffer. Protein concentration was determined using a BCA assay kit (Pierce, Rockford, IL, uSA). Proteins (10 µg/sample) were resolved by SDS-PAGE and transferred to nitrocellulose (Millipore Corp., Billerica, MA, uSA). The membranes were blocked with 5% skim milk and western blot analysis was performed using a standard commercial method. Immunoreactivity was detected using an enhanced chemiluminescence (ECL) kit (Advansta Corp., Menlo Park, CA, USA) and Multiple Gel DOC system (Fujifilm). Primary antibodies (Abs) against the following proteins were used: caspase-8, caspase-3, caspase-9, PARP, β-actin, Bcl-2, Bax Statistical analysis. Data were expressed as mean ± standard deviation (SD). Statistical analysis was conducted using one-way analysis of the variance (ANOVA). P-values <0.05 were considered statistically significant.
Results

Casticin induces apoptosis of bladder cancer cells in a timeand dose-dependent manner.
To evaluate whether casticin affects cell survival through regulation of the mitochondria membrane potential, the percentage of apoptotic cells in casticin-treated T24 cells was determined by flow cytometry using FITC-labeled Annexin-V and 7-AAD and the mitochondria membrane potential was measured by staining with DiOC 6 . Casticin treatment of T24 cells resulted in a dose-and time-dependent increase in the Annexin-V + /7-AAD + population ( Fig. 1A and B) . Casticin also significantly disrupted the integrity of the mitochondria membrane after 8 h of treatment ( Fig. 1A and B) . We further analyzed the activity of caspases by immunoblotting. Levels of cleaved forms of caspase-8, caspase-9 and caspase-3 were increased in T24 cells after treatment with casticin. Cleavage of PARP was also detected in the presence of casticin (Fig. 1C) . Treatment with specific caspase inhibitors z-LEHD-fmk (caspase-9 inhibitor) or z-DEVD-fmk (caspase-3 inhibitor) or the pan-caspases inhibitor z-VAD, effectively blocked casticin-mediated apoptosis (Fig. 1D) . These results suggest that casticin-induced apoptosis of bladder cancer cells involves interruption of the mitochondria membrane potential and activation of caspases.
MAPK-mediated expression of TAp73 and XAF1 regulates casticin-induced apoptosis.
On the basis of previous results we investigated the expression of XAF1, apoptosis-related proteins, and p53 family proteins to elucidate the underlying mechanism of casticin-induced T24 cell apoptosis. Although casticin treatment had no influence on the expression level of p53 and induction of TAp63, the level of TAp73 was markedly elevated in casticin-exposed T24 cells. XAF1 expression was also upregulated, whereas XIAP was downregulated ( Fig. 2A) . The levels of antiapoptotic proteins, including Mcl-2 and Bcl-2, were decreased, whereas expression of proapoptotic proteins (Bak and Bax) was increased (Fig. 2B) . Because JNK and p38 MAPK regulate phosphorylation and activation of TAp73 (18, 19) , we next examined whether activation of mitogen-activated protein kinases (MAPKs) is correlated with the induction of TAp73 in casticin-treated T24 cells. Casticin significantly induced the phosphorylation of JNK and p38 MAPK, whereas activation of ERK was blocked (Fig. 2C) . Pharmacological inhibition of JNK and p38 with SP600125 and SB203580, respectively, not only suppressed the activation of caspase-9 and caspase-3 (Fig. 2D) , but also attenuated the casticin-induced expression of XAF1, TAp73, Bak and Bax ( Fig. 2E and F) . These results suggest that MAPKs are involved in the upregulation of XAF1 and TAp73 in T24 cells after treatment with casticin.
ROS-modulated TAp73 controls XAF1 expression and activation of caspases after treatment with casticin.
We next investigated whether the apoptotic effect of XAF1 is regulated by the expression and activation of TAp73 in casticin-exposed T24 cells. To define the relationship between TAp73 activation and induction of XAF1, we analyzed the expression of XAF1 and activation of MAPKs in casticin-treated T24 cells after silencing TAp73 with siRNA. Knockdown of TAp73 with siRNA resulted in downregulation of XAF1 but had no effect on the activation of JNK and p38 MAPK (Fig. 3A) . Gene silencing of TAp73 effectively blocked the cleavage of caspase-9, caspase-3, and PARP in casticin-treated T24 cells (Fig. 3B ). In addition, the level of proapoptotic proteins (Bak and Bax) was suppressed in TAp73-knockdown T24 cells after treatment with casticin (Fig. 3C ). As ROS production is an early signal mediator for apoptosis induction after treatment with casticin (3, 6, 20) we examined the effect of ROS on XAF1 and TAp73 activation in casticin-treated T24 cells. Casticin upregulated intracellular ROS levels within 1 h (Fig. 4A) . Moreover, NAC (a ROS scavenger) not only efficiently inhibited ROS production (Fig. 4B ), but also blocked generation of the cleaved forms of caspase-9, caspase-3, and PARP (Fig. 4C) . Furthermore, expression of XAF1, TAp73, phosphorylated p38, and phosphorylated JNK was suppressed by NAC treatment (Fig. 4D) . These results suggest that ROS-mediated TAp73 expression is one of the critical factors for activation of XAF1 and induction of apoptosis in casticin-treated T24 cells.
RIP-mediated ROS generation initiates the TAp73/XAF1
apoptosis pathway in casticin-treated T24 cells. RIP kinases mediate apoptosis or necrosis induced by tumor necrosis factor (TNF)-α or genotoxic stresses through the accumulation of ROS (21, 22) . ROS are also closely associated with the caspase cascade and activation of MAPKs (23). Our previous results showed that casticin promoted ROS-induced MAPK phosphorylation to activate caspases and induce apoptosis of T24 cells. Therefore, we examined whether RIP kinases are involved in ROS production for activation of the TAp73/XAF1 signaling pathway in casticin-treated T24 cells. Casticin elicited RIP kinase expression (Fig. 5A) . Treatment with necrostatin-1 (a RIP kinase inhibitor) blocked the cleavage of caspases (Fig. 5B) , attenuated ROS generation (Fig. 5C ), and suppressed MAPK-mediated TAp73/XAF1 activation (Fig. 5D ) in T24 cells after treatment with casticin. However, gene silencing of TAp73 with siRNA and treatment with MAPK inhibitors (SP600125 and SB203580) failed to block the expression of RIP kinase in casticin-treated T24 cells ( Fig. 5E and F) . In addition, NAC treatment of casticin-exposed T24 cells had no influence on the activation of RIP kinase (Fig. 5G) . These results suggest that the activation of RIP kinase plays a critical role in casticin-induced apoptosis through ROS production.
Discussion
Wild-type p53 functions as a cancer suppressor by increasing the sensitivity of cells to radiation or chemotherapeutic agents (5); however, casticin induces apoptotic cell death in p53 mutant or null breast and cervical cancer cells (1, 4) . Previous studies have shown that casticin enhances TRAIL-induced apoptosis and suppresses cell survival proteins, including Bcl-2 and XIAP (3). Melphalan, a therapeutic agent for multiple myeloma, promotes TAp73-mediated XAF1 expression via ROS generation and activates the p38 MAPK pathway to induce apoptosis (15) . Based on these results, we investigated whether casticin potentiates the ROS-mediated apoptosis pathway in a p53-independent manner. We also examined the underlying mechanism of XAF1 activation and the relationship between TAp73 and XAF in casticin-treated T24 cells.
The XAF1 gene, which is located at 17p13.2, was first identified as a novel negative regulator of XIAP (24) . XAF1 binds to XIAP and antagonizes its ability to mediate apoptosis through activation of the caspase cascade in cancer cells (25) . XAF1 levels are significantly lower in cancer tissues than in normal tissues (26) ; however, XAF1 expression is significantly increased in colorectal cancer cells after treatment with cisplatin (27) . A reduction in XAF1 expression was reported in 50% (10 of 20) of transitional cell carcinomas and 60% (12 of 20) of renal cell carcinomas (14) . In addition, this reduction of XAF1 was significantly greater in invasive and high-grade tumors (14) . Because XAF1 expression is involved in activation of p53 and expression of its downstream target genes (14) it is essential to understand the changes in p53 family proteins, including p63 and p73. As a proapoptotic protein, XAF1 promotes the translocation of Bax to the mitochondria and the release of cytochrome c from mitochondria to trigger apoptosis (28). In this study, we showed that casticin induced apoptosis of T24 bladder cancer cells through activation of caspases and disruption of the mitochondria membrane potential. ROS-mediated MAPK activation triggered expression of TAp73 and activation of XAF1 in casticin-treated T24 cells (Fig. 5H) . Loss of TAp73 expression led to downregulation of XAF1 and suppression of casticin-induced apoptosis. These results suggest that the TAp73/XAF1 signaling pathway is a new therapeutic target for modulating carcinogenesis in the bladder.
The TAp73 protein, which is activated by Ras, controls the expression of glucose-6-phosphate dehydrogenase for glucose metabolism in bladder cancer cells (29) . In addition to its role in tumor suppression and promotion, p73 is required for neuronal differentiation and development of the central nervous system (8) . TAp73-knockdown mammary epithelial cells lose their epithelial characteristics and express mesenchymal markers, including Snail-1, Slug, and Twist (30) . The expression of fibroblast growth factor receptor 3 (FGFR3), a transcriptional target of TAp73, is closely related to the transition of superficial bladder cancers to an invasive phenotype (31) . These results suggest that TAp73 is not only a key regulatory molecule in the control of cancer cell survival and carcinogenesis but also an alternative target for blocking metastasis in bladder cancer.
In addition to their role in inflammation and other immune responses, RIP kinases also have an important function in death-inducing processes (32) . RIP1 binds to several death receptors, such as the death domain of receptor Fas (CD95), TNF receptor 1 (TNF-R1), TRAIL receptor 1 (TRAIL-R1), and TRAIL-R2 (33, 34) . RIP3 can interact with phosphorylated RIP1 upon TNF stimulation, leading to the generation of necrosomes and cell death (17) . RIP1 plays an important role in TNF-R1-mediated NF-κB activation for cell survival (35, 36) . In contrast, casticin enhances the TRAIL-induced death of colon cancer cells (3) . In this study we showed that casticin-treated bladder cancer cells produce ROS through the activation of RIP kinase and thereby initiate the apoptosis signaling pathway. Although necrostatin-1 (an inhibitor of RIP kinase) blocked the entire apoptotic process of casticin-treated T24 cells, treatment with MAPK inhibitors or gene silencing of TAp73 with siRNA failed to suppress the activation of RIP kinase after treatment with casticin. These results suggest that ROS generation induced by RIP kinase activation is a critical upstream event in casticin-induced apoptosis in T24 bladder cancer cells.
Urothelial carcinoma is the fifth most common cancer in developed countries (37) . XAF1 levels in bladder cancer cells are significantly decreased compared with those in normal cells (14) . Casticin has previously been shown to exert antitumor activity by activating proapoptotic pathways in various cancers (22) . The results of this study implicate casticin as a new candidate therapeutic drug for the control of bladder cancer through enhancement of the TAp73-induced XAF1 apoptosis signaling pathway.
